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The effect of temperature (T) and angular momentum (J) on the inverse level density parameter 
(k) has been studied by populating the compound nucleus ®^Tc in the reaction ^He + ®®Nb at four 
incident beam energies of 28, 35, 42 and 50 MeV. For all the four energies, the value of k decreases 
with increasing J. The T dependence of k has been compared for two angular momentum windows 
with different theoretical predictions as well as with FTBCSl calculation which takes into account 
the quasiparticle-number fluctuations in the pairing field. Interestingly, the experimental data are 
in good agreement with the theoretical calculations at higher J but deviate from all the calculations 
at lower J. 


I. INTRODUCTION 


The nucleus is a many body quantum system which ex¬ 
periences many different configurations even when fairly 
small excitation energy is provided. It is now a very 
well-known fact that the density of quantum mechanical 
states increases rapidly with excitation energy and soon 
becomes very large. As a result, the nucleus leaves the 
discrete region and enters the region of quasi-continuum 
and continuum. Due to this complexity, statistical con¬ 
cept and models are not only appropriate but also cru¬ 
cial for comprehension and prediction of various nu¬ 
clear phenomena. Intriguingly, the nuclear level densi¬ 
ties are indispensable in the study of nuclear reaction 
cross sections, nuclear reaction rates [I| which are needed 
for astrophysical calculations (inputs in modeling stel¬ 
lar evolution and nucleosynthesis), fission or fusion reac¬ 
tor design, transmutation of nuclear waste and produc¬ 
tion of radioactive isotopes in therapeutic uses in nuclear 
medicine. Along with that, they also provide information 
about the thermodynamic quantities such as tempera¬ 
ture and entropy as well as pairing correlations in the 
nuclear structure study 0. The knowledge of nuclear 
level density is also very crucial while extracting the pa¬ 
rameters of the giant dipole resonance built on highly 
excited states of the nuclei [ 1 , 13 . However, the character¬ 
ization of the nuclear level density (NLD) in the regions 
of high excitation energy, angular momentum and dif¬ 
ferent nuclear shapes are in large part phenomenological. 
The most commonly used analytical expression for calcu¬ 
lating NLD is based on the work of Bethe @ for a system 
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of non-interacting fermions. The backshifted Fermi gas 
model of NLD for a spherical nucleus of mass number 
A at excitation energy E* and angular momentum J is 
given by 


p{E*,J) 


2 J-b 1 ^exjp{^y{aU)) 

127 ^^“ [72 


( 1 ) 


Here U = E* - E^ot - i5p is the available thermal energy. 
Erot, iJp and I are the energy bound in the rotation, par¬ 
ing energy and effective moment of inertia, respectively. 
The nuclear level density parameter (a) is related to the 
single particle level density in the region of the Fermi 
energy and is correlated to the mass of the nucleus as a 
= A/k, where k is the inverse level density parameter. 
The temperature dependence of the NLD parameter has 
been investigated by various theoretical approaches [1- 
[i3 and experimental methods [lll - [l5l |. It is found from 
the experimental analysis of nuclear resonances and evap¬ 
oration spectra that for cold nuclei k ^ 8 MeV but for 
high temperatures like T = 5 MeV, k is around 13 MeV. 
The understanding of this behavior has been attempted 
by taking into account the effects of correlation, i.e. the 
T dependence of the frequency dependent effective mass 
as well as the finite size effect, the momentum depen¬ 
dence of the effective mass, the effects of continuum and 
the shell effects iBlil. 

It may be noted that the level density formalism given 
in Eq.(l) is for a system of non-interacting fermions with 
equidistant single particle states and does not include the 
collective enhancement of NLD due to the coupling of ro¬ 
tational as well as vibrational degrees of freedom with the 
single-particle degrees of freedom. The enhanced level 
density is expressed as /o(E*, J) = pm/E*, J) Kco/i(E*), 
where Kcoi/(E*) is the collective enhancement factor con- 
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sisting of both vibrational and rotational contributions 
[l^ . Very recently, neutron evaporation spectra from 
201 t 1 *, and compound nuclei have been 

measured at two excitation energies (E* ~ 37 and 26 
MeV) to study the effect of collectivitY by extracting the 
inverse level density parameter (k) [l7|. It was observed 
that for large ground state deformed nuclei (^®®Re* and 
^®®Tm*) the value of k decreased substantially at the 
lower excitation energy, while for near spherical nucleus 
(201 Ti) it remains the same at the two excitation ener¬ 
gies. The results indicated towards the strong correlation 
between collectivity and ground-state deformation. 

Recently, there have been ample of experimental efforts 
in order to comprehend the spin dependence of the level 
density parameter. In few measurements of angular mo¬ 
mentum gated neutron evaporation spectra in A ^ 119, 
97 and 62, it was seen that the k value decreased with 
increase in J which indicated that level density increases 
with J On the other hand, the inverse level 

density parameter extracted from the alpha evaporation 
spectra in A ~ 180 and A ^ 120 mass region showed that 
the value of k is either constant or increases with increase 
in angular momentum Sim. However, theoretical cal¬ 
culation for similar masses shows that the k value should 
increase with increase in angular momentum for all the 
systems [l^. Interestingly, the 7 -multiplicity gated pro¬ 
ton spectra in A ^ 105 showed a drastic dependence on 
fold. The spectra acquired a broad structure at higher 
multiplicity folds for proton energies beyond ^15 MeV 
which was explained by a prescription of a localised en¬ 
hancement of NLD [^. Thus, extremely exciting but 
conflicting experimental results on the spin dependence 
of the level density parameter motivate one to carry out 
further investigations. 

In this work we report on the angular momentum gated 
neutron evaporation spectra at different excitation ener¬ 
gies (30-50 MeV) for the reaction '^He -|- ®^Nb. The spe¬ 
cific advantage of using light ion reaction is that the ma¬ 
jor residues are of similar nature and in our case they are 
95 tc, depending on the excitation energy 

of the compound nucleus. However, for excitation ener¬ 
gies above 42 MeV, another channel contributes (^20%) 
due to (a,2n) populating ®^Nb. Nevertheless, the defor¬ 
mations of all the nuclei populated in the decay chain 
are similar and are of the order of beta ~ 0.05. The shell 
effects are also very small and similar. Therefore, the 
neutron evaporation spectra will have the contribution 
from similar kind of nuclei only. 


II. EXPERIMENTAL DETAILS 

The experiment was performed at the Variable Energy 
Cyclotron Centre, Kolkata using alpha beam from the 
K-130 cyclotron. A self supporting 1 mg/cm^ thick tar¬ 
get of 99.9% pure ®^Nb target was used. Four different 
beam (^He) energies of 28, 35, 42 and 50 MeV were used 
to populate the compound nucleus ®^Tc at the excita- 
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FIG. 1: Angular momentum distribution for different folds 
for the "‘He-l-^^Nb system at 28 and 50 MeV incident energy. 


tion energies of 29.3, 36.0, 43.0 and 50.4 MeV, respec¬ 
tively. The maximum populated angular momenta for 
fusion were 16, 18, 19 and 20 Ti, respectively. The evapo¬ 
rated neutrons from the compound nucleus were detected 
by a liquid organic scintillator (BC501A) based neutron 
detector that was placed at a distance 1.5 m from 
the target position and at an angle of 90° to the beam 
axis. Along with the BC501A neutron detector, a 50 ele¬ 
ment low energy 7 -multiplicity filter [ 2 ^ was also used to 
estimate the angular momentum populated in the com¬ 
pound nucleus as well as to get a fast start trigger for 
neutron time-of-flight (TOE) measurement. The multi¬ 
plicity filter was split into two blocks of 25 detectors each, 
in a staggered castle type geometry to equalize the solid 
angle for each multiplicity detector element, and placed 
at a distance of 5 cm above and below the centre of the 
target. The efficiency of the multiplicity set-up was 56% 
as calculated using GEANT4 simulation. A level-1 trig¬ 
ger (A) was generated from the multiplicity filter array 
when at least one detector each from the top and bot¬ 
tom blocks fired in coincidence above a threshold of 250 
keV. Another trigger (B) was generated when the sig¬ 
nal in BC501A detector crossed a threshold of 250 keV. 
An on-line coincidence of these two triggers (A and B) 
ensured the selection of neutron events and rejected the 
backgrounds. The TOE technique was employed for neu¬ 
tron energy measurement. The neutron -7 ray discrimi¬ 
nation was achieved by both pulse shape discrimination 
(PSD) and TOE techniques. To keep the background 
of the detectors at a minimum level, the beam dump 
was heavily shielded with lead bricks and borated paraf¬ 
fin in both the experiments. A CAMAC electronics and 
VME based data acquisition system were used to simul- 
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FIG. 2: (a) Neutron evaporation energy spectra (filled trian¬ 
gles) along with the CASCADE predictions (continuous line) 
for different folds (F) at incident energies of 28, 35, 42 and 50 
MeV for ^He-l-^^Nb system, (b) Neutron evaporation energy 
spectra (filled triangles) along with the Maxwellian fitting 
(continuous line) for different folds (F) at incident energies 
of 28, 35, 42 and 50 MeV for '^He-l-^^Nb system. F=2 and 
F=3 data have been multiplied by 100 and 10, respectively. 


taneously record the energy and time information of the 
detectors. 


III. DATA ANALYSIS AND RESULTS 

The TOF spectrum was converted to energy spectrum 
using the prompt 7 peak as a time reference. The effi¬ 
ciency corrrection for BC501A neutron detector was per¬ 
formed using GEANT4 simulation [ 2 ^. In order to ex¬ 
tract the inverse level density parameter from the exper¬ 
imental neutron spectra, the theoretical neutron energy 
spectra were calculated employing the statistical model 
code CASCADE The level density parameter pre¬ 
scription of Ignatyuk et al. [ 2 ^ was adopted which takes 
into account the nuclear shell effects at low excitation 
energy and connects smoothly to the liquid drop value 
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FIG. 3: Angular momentum dependence of nuclear level den¬ 
sity parameter at four incident energies. 


at high excitation energy. The transmission coefficients 
for statistical calculation were obtained from the opti¬ 
cal model. The potential parameters for neutron, proton 
and alpha were taken from [ 2 ^, and [3l|, respec¬ 
tively. The experimental fold distribution measured us¬ 
ing the 50-element 7 -multiplicity filter was converted to 
the spin distribution using CEANT4 simulation applying 
the approach discussed in Ref [ 2 ^. The simulated spin 
distributions deduced from the experimental fold distri¬ 
butions were used as inputs for different folds. The an¬ 
gular momentum distributions for different folds at 28 
and 50 MeV incident energies are shown in Fig [TJ The 
moment of inertia of the CN was taken as W/ = Io*(l + 
(5iJ^ -I- 62 where Iq is the moment of inertia of spher¬ 
ical nucleus. The role of the deformation parameters (5i 
and 62 were found to be inconsequential and the shape 
of neutron energy spectra was mostly dependent on the 
inverse level density parameter. The value of k has been 
extracted from the best fit statistical model calculations 
using a minimization in the energy range of 3—7 MeV 
(Fig[2|). The extracted inverse level density parameters 
are given in Table — I for different angular momenta and 
excitation energies. 

It is very interesting to note that the values of inverse 
level density parameter decrease with increase in angular 
momentum for all the incident energies (Fig [3]). The re¬ 
sult is in contrast to the theoretical calculations obtained 
under the framework of statistical theory of hot rotating 
nuclei which predicts that k should increase with increas¬ 
ing angular momentum [^ . However, the trend of the 
angular momentum dependence measured in this work 
is consistent with the previous measurements for ®^Zn 
M and “^Sb M- The inverse level density parameter 
as a function of temperature, for two angular momen- 
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FIG. 4: Temperature dependence of nuclear level density 
parameter compared with different theoretical calculation. 
Green dashed line represents the calculation by Shlomo, red 
dashed line represents the calculation by Lestone and black 
dot-dashed line represents the calculation by Mughabghab. 


FIG. 5: Temperature dependence of the nuclear level density 
parameter compared with the calculations of FTBCS and FT- 
BGSl. 


TABLE I: Average temperature and average angular momen¬ 
tum along with level density parameter for '^He-|-®®Nb system 
at different beam energies. 


Systems 

E* 

(J) 

(T) 

A/k 


MeV 

h 

MeV 

MeV-i 



12± 5 

1.18 

A/(8.5± 0.5) 

'‘He-b^^Nb 

29.3 

14± 6 

1.06 

A/(8.3± 0.3) 

©E/ab = 28 MeV 


16± 5 

1.03 

A/(8.0± 0.5) 



13± 4 

1.47 

A/(9.7± 0.5) 

‘‘He-b^^Nb 

36.0 

15± 5 

1.41 

A/(9.5± 0.3) 

@E/a6 = 35 MeV 


18± 5 

1.35 

A/(8.2± 0.4) 



14± 5 

1.52 

A/(9.0± 0.4) 

^He-b®®Nb 

43.0 

16± 5 

1.43 

A/(8.1± 0.4) 

©Eiab = 42 MeV 


19± 6 

1.38 

A/(7.8± 0.5) 



14± 5 

1.60 

A/(9.2± 0.5) 

^He-b®®Nb 

50.4 

16± 5 

1.55 

A/(8.5± 0.4) 

@Eia6 = 50 MeV 


20± 5 

1.50 

A/(8.2± 0.4) 


turn windows, has also been compared with the different 
theoretical calculations predicted by Shlomo @ , Lestone 
0 and Mughaghab Q (FigS]). It should be mentioned 
that the prediction of Shlomo has been taken for A = 
110 mass region @ whereas the other two predictions 
have been calculated for A=97 mass using the formula 
given in Ref 0, II]. The average temperatures of the 


populated compound nucleus for different excitation en¬ 
ergies were calculated by fitting the experimental data 
with Maxwellian function {■\/~Eexp{—E/T)). It needs to 
be mentioned that none of the theoretical predictions in¬ 
clude J effect. As can be seen from Fig IH the inverse 
level density parameter increases with increase in tem¬ 
perature for all the predictions. However, the data at 
higher angular momenta match very well with the pre¬ 
diction but are at disparity at lower angular momenta. 
This outcome was unexpected since the theoretical pre¬ 
dictions do not include J effect and, thus, experimental 
data and theoretical calculation should have matched at 
lower J. The results indicate that the level density is sup¬ 
pressed at lower angular momenta. This deviation can¬ 
not be attributed to the effect of collectivity because the 
level density is not enhanced but suppressed compared 
to the Fermi gas model. 

Recently, the temperature dependence of the level den¬ 
sity was studied in hot medium-mass nuclei, which un¬ 
dergo a non-collective rotation about the symmetry axis 
[ 3 ^ . The numerical calculations within the finite temper¬ 
ature BCS (FTBCS) and FTBCSl theories have shown 
the pairing re-entrance in the pairing gap at finite angu¬ 
lar momentum M (M is the z-projection of total angular 
momentum) and temperature T. The FTBCSl theory 
includes the effects due to quasiparticle-number fluctua¬ 
tions in the pairing field and the z projection of angu¬ 
lar momentum at T 7 ^ 0 MeV. The pairing re-entrance 
changes the T dependence of the level density from a con¬ 
vex function to a concave one. Similar calculation was 
performed to observe wheather the pairing re-entrance 
plays any important role in the case of ®^Tc. It was ob- 
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served that the FTBCS gaps collapse at a certain critical 
temperature, whereas the FTBCSl gaps do not. Starting 
from M=12 % the FTBCSl proton gap shows the pair¬ 
ing re-entrance effect, that is the pairing gap reappears 
and remains finite at T>0.3 MeV and M > 12 The 
value of k was extracted from the excitation energies us¬ 
ing the relations k = 4AE*/S^. Since, the nucleus ®’^Tc 
is not spherical but slightly prolate and the calculations 
were carried out under the assumption of a spherical nu¬ 
cleus for which the z-projection M of the total angular 
momentum J coincides with J, the results of theoretical 
calculations have been re-normalized to match the corre¬ 
sponding data point at the lowest J for both the selected 
angular momentum window. As can be seen from Fig 
[SI the increase of k with T is observed in the data are 
also reproduced by the results of theoretical calculations 
although the latter agree better with the data for the 
higher J window whereas for the lower J window the the¬ 
ory underestimates the two data points at T = 1.41 MeV 
(J=15;i) and 1.47 MeV (J=13;i). The FTBCS and FT¬ 
BCSl predict similar results indicating that pairing re¬ 
entrance does not have much effect on the inverse level 
density parameter in this case. As could be discerned, 
collectivity and pairing re-entrance are not responsible 
for decrease in k with increase in angular momentum. 
Moreover, it may be noted that the effect of angular 
momentum on the k is not observed for higher masses 
HH, [13 but is only apparent in low and medium mass 
A < 120 nuclei |l^.[l3. More experimental data at both 
high and low mass region are required to understand this 


behavior. 


IV. SUMMARY AND CONCLUSIONS 

Angular momentum gated neutron evaporation spec¬ 
tra have been measured in the reactions ^He -I- ®^Nb at 
Ejab = 28, 35, 42 and 50 MeV to study the T and J 
dependence of the inverse level density parameter. It 
was observed that the inverse level density parameter de¬ 
creased with increasing J for all the excitation energies. 
The T dependence of the inverse level density parameter 
was studied by selecting two angular momentum windows 
and compared with different theoretical calculations. In- 
triguingly, the results of all the theoretical calculations 
agree well with the data at higher J window but differ 
from the experimental data at lower J window. 
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